Introduction
In recent years, three-dimensional (3-D) printing technologies have attracted increasing interests in medicine with various applications in medical fields, ranging from 3-D phantoms for simulation to bioprinting of organs (1) (2) (3) . The life-sized 3-D printed models offer a realistic demonstration of complex 3-D anatomical structures and pathological changes associated with the cardiovascular system. With the use of the cardiac imaging data, 3-D printed models have been shown as useful tools for education and pre-surgical planning in different cardiovascular diseases (3) (4) (5) . Despite rapid developments in 3-D printing techniques, most of the studies are based on individual case reports showing the feasibility of 3-D printing in depicting complex cardiovascular and cerebrovascular pathology; however, systematic review of these studies is lacking. The purpose of this systematic review is to evaluate the clinical value and applications of 3-D printing in cardiovascular and cerebrovascular diseases.
Methods
This review was performed in accordance with the PRISMA guidelines (6) . PubMed/Medline and Scopus databases were searched until November 30, 2016 using the following search keywords: 3-D printing and cardiac disease/cardiovascular disease/congenital heart disease/aortic or cerebrovascular disease. Studies were eligible for inclusion in the review if they evaluated 3-D printed models based on in vivo patient imaging data. Studies using in vitro phantom experiments or review articles were excluded. References were searched and evaluated by two independent reviewers to determine the eligibility of the studies with disagreements resolved by consensus.
3-D imaging was applied with the use of 3-D echocardiography and cardiac CT images to generate 3-D printed models (19) .
Different materials and a range of 3-D printers were used for 3-D printing and were reported in 29 studies, while in the remaining studies, the information was not available. Mechanical properties of the materials used for 3-D printing were only provided in two studies (43, 54) , with details of tensile strength and tensile modulus being provided in correspondence to different materials. Table 2 shows details of the materials and 3-D printers as reported in these studies. The cost associated with manufacturing 3-D printed models was only provided in 12 studies, with a wide range of costs being reported depending on the size and complexity of the models, as shown in Table 2 .
The clinical applications of patient-specific 3-D printed models are overall positive with results showing high accuracy in replicating complex anatomy of cardiovascular and cerebrovascular pathologies (in particular, congenital heart disease).
Discussion
This review shows that patient-specific 3-D printed models created from standard imaging modalities show high accuracy for replicating complex cardiovascular and cerebrovascular structures with most of the applications in congenital heart diseases and valvular pathologies. 3-D printed models have been shown to improve diagnosis and enhance physicians' knowledge and understanding of cardiovascular pathologies, in particular, congenital heart disease. Furthermore, 3-D printed models are suitable for pre-surgical planning and minimally invasive procedures as shown in more than half of the studies in this review.
Findings of the applications of 3-D printing in cardiovascular and cerebrovascular diseases can be summarized into the following three main areas according to this review: first, 3-D patient-specific models were shown to represent complex anatomy of the cardiovascular and cerebrovascular system and depict various pathologies with high accuracy. Excellent agreement or correlation was found between 3-D printed models and 2-D/3-D pre-3-D printing images (Fig. 2) (12, 16, 17, 32, 37, 40, 48) . Olivieri et al. (32) compared 3-D printed model measurements with 2-D echocardiographic images in 9 patients with congenital heart disease, and their results showed high correlation between these two methods, with 3-D printed model having accuracy of less than 1 mm (the mean absolute error between 2-D images and 3-D printing was 0.4±0.9 mm) (32) . This is confirmed by another study on 3-D printing accuracy in aortic disease. Sun and Squelch compared measurements taken at six different anatomical locations of ascending and descending aorta for pre-3-D printing CT images of an aortic aneurysm and aortic dissection, 3-D printed models and post-3-D printing images with measurement differences were less than 0.8 mm (49) . This indicates the reliability of using 3-D printed models for the diagnostic assessment of cardiovascular disease.
Citations were retrieved from databases N=94
Articles were finally included in the analysis N=48
Complete articles assessed according to selection criteria N=51
Articles were excluded on titles/abstracts N=43 Duplicate articles were excluded on full text N=3 Figure 1 . Flow chart showing strategy for identifying the eligible studies in this review 
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Continued Table 1 . Study characteristics of using 3-D printing in cardiovascular and cerebrovascular disease with individual cases First author, et al.
Mashiko et al. (27)
Mottl-Link et al. (28) Namba et al. (29) Ngan et al. (30) Noecker et al. (31) Olivieri et al. Clipping was performed in 12 patients, while clipping was not done in the remaining 8 patients 12 surgeons responded to the questionnaire after the clipping operation 6 junior surgeons learned how to clip using the 3-D printed models A 24-year-old patient with complex congenital heart malformation (pulmonary atresia, large ventricular septal defect, atrial septal defect, tricuspid regurgitation, and dextrocardia) 10 patients (median age 59.5 years; range 45 to 71 years) with cerebral aneurysm. All patients were treated with endovascular procedure Preplanned microcatheter shape was tested on 3-D printed models prior to endovascular treatment Six patients (6 months to 2 years 6 months) with pulmonary atresia with ventricular septal defect and major aorto-pulmonary collateral arteries (MAPCAs) 11 patients (median age, 3 years; range 2 days to 13 years) with and without congenital heart disease 12 models with 3 normal and 9 different congenital heart diseases showing cardiac and thoracic structures Nine patients with congenital heart disease (eight with ventricular septal defects and one with three periprosthetic aortic valve leaks)
A 30-year-old man with pulmonary venous baffle obstruction (7) Anwar et al. (8) Bartel et al. (9) Biglino et al. (10) Biglino et al. (11) Binder et al. (12) Canstein et al. (13) Costello et al. (14) Dankowski et al. (15) D'Urso et al. (16) Farooqi et al. (17) Gallo et al. (18) Gosnell et al. (19) Greil et al. (20) Itagaki et al. (21) Jacobs et al. (22) Kimura et al. 
based on CT data from 16 patients. Excellent agreement was found between 3-D models and 2-D CT data for annulus measurements with mean difference less than 0.4 mm. 3-D printed models also showed high accuracy within 0.1 mm of designed dimensions in the valve prostheses (37). Maragiannis et al. (26) extended the applications of 3-D printing to aortic valve disease using multi material 3-D printed models. Eight patient-specific 3-D models of severe aortic stenosis were created with accurate replication of both anatomic and functional properties of aortic valve stenosis. Each model was assessed using 2-D echocardiography for peak flow velocity, transvalvular gradient, and aortic valve area, and it was found to be in accordance with the clinical Doppler study (26) . This further confirms that 3-D printed models represent a novel technique to study functional characteristics of valvular diseases.
Second, 3-D printing can serve as a useful education tool for both parents and clinicians, healthcare professionals, and medical students. Biglino et al. (11) investigated the benefit of 3-D patient-specific models in the doctor-patient communication by comparing the model group with a control group. Forty-five participants in the model group were presented with 3-D printed patient-specific models of their children' heart diseases, while 52 participants (parents of pediatric patients) in the control group did not have any model during the consultation. 3-D printed models were scored very useful by both parents and cardiologists, with improved communication between parents and cardiologists who dealt with congenital heart disease (11). Another recent study by the same research group reported the usefulness of 3-D printed models for training adult and pediatric cardiac nurses (10) . Similarly, Costello et al. (14) reported significant improvement of pediatric resident physician's knowledge and understanding of congenital heart disease through a questionnaire study. Using 3-D printed models of ventricular septal defects, pediatric residents' ability to manage postoperative complications in patients with ventricular septal defects was also improved (14) . In a recently published randomized control trial, 3-D printed models have been shown to significantly improve medical students' knowledge in learning external cardiac anatomy when compared to cadaver-based curriculum (24) . Studies based on case reports have also shown that 3-D printed models improve surgeons' understanding of complex cardiac disease (20, 23, 27, 28, 31, (45) (46) (47) .
Third, 3-D printing is regarded as a valuable tool for pre-surgical planning and simulation of cardiovascular and cerebrovascular diseases (Fig. 3) . Mashiko et al. (27) analyzed the value of 3-D printing in 20 patients with cerebral aneurysms. Clipping surgery was performed in 12 patients while no clipping was done in eight patients. Twelve experienced surgeons were asked to respond to the questionnaire after the operation, while another six junior surgeons who had never had any experience performing clipping surgery were invited to learn how to clip an aneurysm using 3-D printed models. Qualitative and quantitative assessments were overall favorable according to surgeon responses, confirming the advantages of 3-D printed models over conventional flat computer screens (27) . Also, 3-D printing techniques assists the design of catheter devices before the operating procedure. This is confirmed by a recent study conducted by Namba et al. (29) . Authors used 3-D printed hollow models of a cerebral aneurysm to verify the preplanned shape of microcatheter, with successful catheterization in both 3-D printed models and patient's intracranial aneurysm (Fig. 4) . Their results based on 10 cases with cerebral aneurysms contribute to determining a patient-specific and optimal microcatheter shape, which is essential for coiling an aneurysm preoperatively. Other case reports supported these findings by showing the potential clinical value of using 3-D printing for assisting/guiding interventional procedures, selecting appropriate device sizes, and reducing procedural complications (18, 22, 25, 28-30, 33-35, 37, 39, 41, 43, 47, 52, 54) .
The recent growth and development of 3-D printing have enabled the generation of 3-D models of complex anatomy with high resolution and accuracy in depicting both cardiovascular/cerebrovascular anatomy and pathology. The expanded applications of this technology in cardiovascular and cerebrovascular disease allow for rapid generation of 3-D complex anatomical structures from medical imaging datasets, such as CT, MRI or echocardiography data of patients, although cardiac CT and MRI are the most commonly used imaging modalities (1) (2) (3) (4) . This is confirmed in this review as 3-D printed models have shown promising results in these studies with high accuracy of replicating cardiovascular and cerebrovascular diseases, in particular, its applications in congenital heart disease as shown in the studies discussed in this review.
Although 3-D printing holds great promise in cardiovascular medicine, the application of this technology in routine clinical practice is still in its infancy (4, 5) . There are some limitations that exist in the current literature on 3-D printing. First, as shown in this review, most of the current studies are based on isolated case reports, indicating the necessity of further studies with inclusion of more cases based on large cohort prospective studies. Second, materials used for 3-D printing in most of the studies do not match the true mechanical properties of cardiovascular and cerebrovascular anatomies in terms of the true elastic modulus of arterial wall or cardiac chambers. Only two studies provided detailed information on this aspect. Thus, this represents a major limitation of the current 3-D printed models. Future research is desirable to develop 3-D printed models with appropriate materials reflecting mechanical properties of human anatomy and pathology, such as deformability of the 3-D printed models secondary to external forces. Third, limitation of current 3-D printing technologies lies in the production of a static model of a dynamic organ, which makes it difficult to comprehend the hemodynamic function of the cardiovascular system. Local and systematic flow dynamics of 3-D printed models were analyzed using 4-D MRI in two studies with findings comparable to in vivo flow pattern analysis and numerical simulations using computational fluid dynamics (7, 13) . Future studies should be conducted to generate 3-D printed dynamic models capable of replicating both anatomic and physiological changes during the cardiac cycle, which could further improve understanding of the complex cardiovascular and cerebrovascular diseases. Finally, the cost associated with 3-D printing is still high. The cost is quite variable as it depends on the materials used for 3-D printing and the size and complexity of the model.
From a clinical perspective, future applications will aim to establish patient-specific 3-D printed models in routine clinical practice for individual patient treatments. Further potential applications of 3-D printing in cardiovascular and cerebrovascular diseases include the development of 3-D printed models that simulate characteristics of specific tissues, such as arteries and muscles, thus maximizing treatment outcomes and reducing complications. Bioprinting represents another major advance in 3-D printing involving the development of printable biomaterials, 3-D printed tissue scaffolds, and 3-D printed stem cells and functional vascular networks (5, (58) (59) (60) . Applications of 3-D bioprinting have not translated into clinical practice. We refer the readers to some excellent reviews on 3-D or even 4-D bioprinting (58-62). This systematic review shows the feasibility and accuracy of using 3-D patient-specific printed models in the diagnostic assessment of cardiovascular and cerebrovascular diseases. 3-D printed models can also serve as a valuable tool for both education and pre-surgical planning and simulation. Future studies should focus on developing 3-D printed models with more realistic mechanical properties of replicating cardiovascular and cerebrovascular anatomy and hemodynamic features to optimize treatment for cardiovascular and cerebrovascular diseases.
